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ABSTRACT T 

Eventss associated with cryopreservation (CP) places extreme physical and 
physiologicall  demands on cells during the process, especially on highly metabolically 
activee systems such as hepatocytes. Recently we have reported on improved survival with 
fulll  functional and morphological recovery of hepatocytes following liquid nitrogen 
storagee in CryoStor CS10. In the present study, we evaluated the possible effects of CP 
underr optimal conditions on gene expression in rat hepatocytes following system 
recovery. recovery. 

Genee expression (mRNA) was compared between fresh and CP rat hepatocytes 
usingg the NGEL 2.01 rat oligo microarray. This array covers 4,803 independent genes 
withh control spots. mRNA was extracted from live, adherent cells 24 hours after thawing, 
andd compared with non-frozen matched controls. 

Analysiss of the microassay data revealed no significant change in transcription 
levelss of genes belonging to the gene ontology groups encompassing protein biosynthesis 
andd secretion, nitrogen metabolism, Cytochrome P450, ATP biosynthesis and apoptosis 
24-hourss following thawing and system recovery. 

Basedd upon these findings, we conclude that in accordance with earlier studies on 
cryopreservationn and hepatospecific function, a single, successful CP event does not cause 
substantiall  alteration in long term gene expression changes in hepatocytes. Further, the 
originn of reduced protein synthesis, as reported by numerous researchers, is believed to be 
att the post-transcriptional level. 

INTRODUCTION N 

Hepatocytee cryopreservation has gained increasing clinical attention in recent 
yearss for the treatment of hepatic failure, due to emerging new and promising therapies 
suchh as bioartificial liver support (1,2,3) and hepatic cellular transplantation (4). One 
criticall  requirement for widespread clinical use of these therapies is the ability to 
successfullyy cryopreserve and retrieve (CP) hepatocytes, with minimal affect on cell 
survivall  and functionality. Achievement of this goal has proven difficult in the past, 
leadingg to a trend in the clinical and biotechnological communities to embrace the 
utilizationn of fresh or short-term hypothermically stored materials instead of CP. 

Recentlyy we reported on the development of a new method for CP of isolated rat 
hepatocytess in suspension using intracellular like CP medium, CryoStor CS10 (5). In this 
study,, the overall cell survival up to 14 days after CP was limited to  80% 
(Controls=100%)) in comparison to other approaches which ranged from 40-60%. Cellular 
morphologyy and polarity, urea synthesis, cytochrome P450 activity and responsiveness to 
IL-66 were all well maintained in the surviving hepatocytes over the 14 day period post-CP 
suggestingg full function of these cells compared to non-frozen hepatocytes. One exception 
wass noted in this study, albumin secretion, however, was reduced by approximately 30% 
inn hepatocytes following CP. 

Basedd upon data from our previous studies, as well as numerous reports on 
compromisedd hepatocellular function following CP, we investigated what affects, if any, 
CPCP has on long-term gene normotypic expression following system recovery. In addition, 
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wee investigated whether the reduction in albumin production in hepatocytes following CP 
wass due to post-transcriptional alterations in protein levels. We hypothesized that 
followingg successful cryopreservation and system recovery there are no significant 
alterationss in transcriptional activity in surviving hepatocytes. To test our hypothesis, we 
investigatedd mRNA expression in fresh and cryopreserved rat hepatocytes following 24-
hourss of post-treatment culture. The data presented here demonstrates there was a 
minimall  effect on hepatocyte transcriptional activity following a single CP event and post-
thaww recovery of the system. 

MATERIAL SS AND METHODS 

HepatocyteHepatocyte isolation. All animal procedures were performed in accordance with 
Nationall  Research Council guidelines and approved by the subcommittee on Research 
Animall  Care at the Massachusetts General Hospital. Hepatocytes were isolated from adult 
femalee Lewis rats (Charles River Laboratories, Boston, MA) according to the two-step in 
situu collagenase digestion method as described by Seglen (6) and modified by Dunn, et 
alii). alii). 

Cryopreservation,Cryopreservation, thawing and hepatocyte culture. Following isolation, 
hepatocytess were pre-incubated in warm culture medium [Dulbecco's modified Eagle's 
mediumm (DMEM) (Gibco BRL, Gaithersburg, MD), supplemented with 7ng/ml glucagon 
(Lilly ,, Indianapolis, IN), 7.5ug/ml hydrocortisone (Upjohn, Kalamanzoo, MI), 0.5U/ml 
insulinn (Squibb, Princeton, NJ), 20ng/ml epidermal growth factor (Collaborative 
Research,, Bedford, MA), 1% penicillin/streptomycin (Gibco BRL) and 10% fetal bovine 
serumm (Gibco BRL)] for 20 minutes. At the end of the incubation, cells were centrifuged 
att 70 x g for 5 min, supernate decanted, and the pellet was resuspended in culture media 
(Control)) or ice-cold HypoThermosol (HTS) (BioLife Solutions, Binghamton, NY) with 
10%% DMSO (trade name: CryoStor™ CS10 BioLife Solutions, Binghamton, NY) (CP 
group).. Cell suspensions (1.0 ml) were transferred to cryogenic vials (Nalge Company, 
Rochester,, NY) and incubated on ice for 10 minutes, then placed into a controlled rate 
coolerr (Kryo 10, Planer, Middlesex, UK) and frozen under a standard protocol. Briefly, 
fromm 4 C, samples were cooled at -1 C/min to -6 C at which temperature the vials were 
seededd to induce the formation of extracellular ice followed by a 10-minute hold at -7 C. 
Sampless were then cooled at -1 C/min to -80 C, and subsequently transferred to liquid 
nitrogenn (-196°C) for storage. Following storage, cells were rapidly thawed in a 37 C 
waterr bath. The samples were then diluted 1:10 in culture medium and incubated for 10 
minn at room temperature to allow for the dilution and removal of residual DMSO from the 
CPCP solution. Samples were centrifuged again and cells were resuspended in culture 
medium.. Percoll purification was not used following CP. Hepatocyte yield and viability 
wass determined immediately post-thaw by trypan blue exclusion. For fresh as well as 
cryopreservedd hepatocytes. lxlO6 viable cells were seeded in 100 mm culture dishes and 
placedd into culture (37 C, 10% CO.). The dishes (Falcon, Lincoln Park, NJ) were coated 
byy type I collagen (0.1 mg/ml), prepared from rat-tail tendon by a modified procedure of 
Elsdalee and Bard (8). 
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RNARNA purification and cDNA synthesis. After 24 hours of culture, culture 
mediumm was removed, adherent cells were washed with PBS, and total RNA was 
extractedd from live adherent Control and CP hepatocytes. All hepatocytes in each 
experimentt originated from the same isolation lot. 3xl06 viable hepatocytes were used to 
extractt total RNA using the Trizol (Gibco-BRL, Gaithersburg, MD) purification method. 
Extractedd RNA was further purified on RNeasy columns (Qiagen, Valencia, CA) 
quantitated,, and the quality was examined by gel electrophoresis for ribosomal RNA band 
integrity.. RNA determined to be of good quality was used for subsequent synthesis of 
cDNA.. This generally yielded between 50 and 100 g total RNA. 

Forr labeling and hybridization, 3DNA™ Submicro™ Oligo Expression Array 
Detectionn CyVCyS Kit (Genisphere, Hatfield, PA) was used according to manufacturer's 
protocol.. For first-strand cDNA synthesis, 8 1 (5 g) of total RNA were mixed with 3.0 

11 (0.067 pM) of a mixture Cy3 RT primer (fresh control samples) (Genisphere) or Cy5 
RTT primer (cryopreserved samples) (Genisphere), incubated at 70CC for 10 min and put 
onn ice. Next, 4 1 of 5x RT buffer (Invitrogen, Carlsbad, CA), 2 I of 0.1 M dithiotreitol 
(DTT)) (Invitrogen), and 1 1 of 10 mM dNTPs (Invitrogen), 1 1 of Superas-In™ RNase 
inhibitorr (Genisphere), and 1 1 (200 U) Superscript II (Invitrogen) were added and the 
reactionn was incubated at 42°C for 90 min. Then Cy3 and Cy5 reactions were combined 
andd concentrated using Millipore Microcon YM-30 (Millipore, Billerica, MA). 

cDNAcDNA microarray hybridization. Purified cDNA prepared by reverse 
transcriptionn with Cy3 and Cy5 RT primers was hybridized to NGEL rat 2.01 oligo 
microarrayy (Neuroscience gene expression laboratory, Rutgers University, Piscataway, 
NJ).. cDNA probes were mixed with 2x formamide hybridization buffer (Genisphere), 
denaturedd at 80°C for 10 min, followed by incubation at 45°C for 15 min. Probes were 
appliedd to a prewarmed array, covered with a glass coverslip (Fisher), and placed in a 
humidifiedd hybridization chamber. Hybridizations were carried out at 45°C for 16-20 h, 
followedd by washing in (15 min each): 2 x SSC and 0.2% SDS at 45°C, 2 x SSC at room 
temperaturee once, and 0.2 x SSC at room temperature. 

Thee second hybridization mix was composed of 2.5 1 of Cy3 capture reagent 
(Genisphere),, 2.5 I of Cy5 capture reagent (Genisphere), 22.5 1 of hybridization buffer 
withh anti-fade reagent (Genisphere) in a final volume of 60 1. Hybridization mix were 
appliedd to an array, covered with a glass coverslip, and placed in a humidified 
hybridizationn chamber. Hybridizations were carried out at 53°C for 1.5 h, followed by 
washingg in (15 min each): 2 x SSC and 0.2% SDS at 65°C, 2 x SSC at room temperature 
once,, and 0.2 x SSC at room temperature. Arrays were scanned using a GMS 418 Array 
Scannerr (Genetic Microsystems, Woburn, MA). Data were collected in Cy3 and Cy5 
channelss and stored as paired TIFF images. 

DataData analysis. Spots were identified and local background subtracted in the 
TIGRR Spotfinder software (The Institute for Genomic Research, TIGR: software tools, 
http://www.tigr.org/software).. The data were subsequently quality filtered and normalized 
MIDA SS software (TIGR). Exploratory analysis was performed using MeV software 
(TIGR).. A change in gene expression level of 3-fold was set as the cut-off level for 
analysis.. Statistical significance as determined with the Students' f-test was considered 
significantt if p<0.05. 
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RESULTS S 

HepatocyteHepatocyte cryopreservation. The viability of fresh hepatocytes after isolation 
wass 91%, while the immediate viability of cryopreserved hepatocytes (CP) immediately 
post-thaww was 82% with a yield of 95% that of controls as determined by trypan blue. The 
differencee in cell yield was not significant between CP and control samples. These data 
weree comparable with our earlier hepatocyte cryopreservation studies in which the 
proceduree utilized in this study was first reported. 

MicroarrayMicroarray analysis. The NGEL rat 2.01 oligo microarray featured 4,803 
independentt genes and 406 control spots. Array and spot quality were confirmed by 
analysiss of the micro-array data. A total of three replicates were done, as calculated in the 
statisticall  study by Lee et al.(9). In accordance with the study goals, 5 gene ontology 
groups,, each comprised of genes related to specific biological processes were selected: 
proteinn biosynthesis and secretion, nitrogen metabolism. Cytochrome P450, ATP 
biosynthesiss and apoptosis. Primary analysis of gene expression was performed within 
thesee classes of interest, which contained 77, 16, 23, 3 and 39 genes, respectively. 
(http://spine.rutgers.edu/clones/ratoligo) ) 

Givenn the three-fold increase or decrease in differential expression as the cut-off 
point,, data analysis revealed no statistical differences between Control and CP in either of 
thee five gene ontology groups in adherent cell populations following 24-hours post-
treatmentt culture. 

Examinationn of additional gene expression revealed an alteration in expression of 
511 genes (20 down-regulated and 31 up-regulated). These genes did not fit into any cluster 
analysiss parameters, and were therefore regarded as inherent to normal variances in 
microarrayy studies. 

DISCUSSION N 

Thee cryopreservation process mandates the exposure of biological materials to 
extremee stresses, which has been reported to lead to the activation of necrosis, apoptosis, 
ass well as results in impaired cellular function. This is especially true for hepatocytes 
whichh have been shown to be difficult to cryopreserve, resulting in a low viability post-
thaww and continuous cell death in the subsequent hours and days following thawing (10-
13).. Recently, we developed a new method of HypoThermosol™-based cryopreservation, 
whichh yielded high long-term survival with normal hepatospecific cellular function, with 
thee exception of improved yet still reduced albumin synthesis capacity. 

Inn the current study, we attempted to ascertain whether a down regulation in 
transcriptionall  activity was responsible for the reduction in albumin synthesis, or if the 
causee was at the post-transcriptional level. Investigation into this question was done by 
comparingg mRNA expression between CP and Control hepatocytes, after 24 hours of 
culture.. Additionally, study design allowed us to examine additional areas of 
hepatospecificc functions at the molecular level. The  20% cell loss observed in our 
previouss studies primarily occurred in the first 24 hours after thawing, of which the 
majorityy within a few hours post-thaw (5). Hence, analysis of biological samples at 24 
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hourss as was done in this study to examine the function of the living cell populations 
followingg a single CP episode to that of controls. 

Microarrayy analysis revealed no changes between CP and Controls in surviving 
cellss in transcriptional activity of genes belonging to any of the examined gene ontology 
groups,, including protein synthesis. Therefore, we hypothesize that the reduction in 
albuminn secretion was unlikely due to mechanistic alterations at the transcriptional level 
suchh as is seen as an unspecified stress response similar to stimulation with Interleukin-6 
orr cold-shock gene activation (14). One explanation for the albumin reduction at the post-
transcriptionall  level maybe due to structural damage to cell organelles. The specific type 
andd place of injury (e.g. rough endoplasmatic reticulum, Golgi complex) remains 
unknownn and requires further investigation. In regards to the additional classes of 
hepatospecificc function, the apparent absence of influence of CP on gene expression 
confirmss the unaltered cellular function in these areas as reported in our earlier studies. 

Thee data obtained in our study in regards to the apoptosis gene ontology class supported 
previouss reports by Baust, et al (2002) (16) on alterations in caspase transcription levels. 
Inn this study it was reported that there was an increase in transcription levels of caspase-3, 
-8.. and -9 within the first 12-24 hours following CP in a human fibroblast model. They 
furtherr demonstrated that by 24-hours post-thaw caspase transcript levels were returning 
too that of controls and below the 3-fold change threshold utilized in the present study. 
Basedd upon our present findings, coupled with the above report, it seems logical that there 
mayy have been alteration in transcriptional activity within the first few hours (0-18) post-
thaww in our hepatocyte model, but by 24 hours post-thaw the system had recovered and 
transcriptionall  activity stabilized to return to that of controls. 

Thee evaluation of transcriptional activity following 24 hours of post-treatment culture 
forr both control and CP hepatocytes was utilized for the purpose of evaluating 
transcriptionall  alterations that were induced in surviving primary rat hepatocytes 
followingg a single CP episode. These parameters were employed to model the response of 
survivingg hepatocytes such as those utilized in clinical-based cell therapy settings. The 
dataa reported in this study represents the transcriptional state of surviving hepatocytes 
followingg CP under our optimal CP regime and may not be representative of the cellular 
responsee and state following CP of hepatocytes under other protocols such as the standard 
mediaa + DMSO approach which yields sub-optimal system survival and function. 

Too our knowledge, this study represents the first to examine large scale gene 
expressionn patterns of primary cell systems following CP. Our findings indicate that 
underr the implemented preservation regime there is a minimal affect on gene expression 
inn surviving rat hepatocytes following system recovery from cryopreservation. These data 
servee as an important set of information to further understand cellular-molecular 
responsess of surviving cells following CP and may facilitate increased utilization of CP as 
aa storage modality for hepatocytes utilized in clinical based applications. 
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